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Abstract: Radiation defects generated in Mo formed by sub-MeV Xe ion implantations 
were studied by atomistic molecular dynamics based on interatomic potential matched to 
density functional calculations.  The results of the simulations were qualitatively compared 
with defect distributions in CeO2 and CeLaO2 crystals used as surrogate materials for UO2 
obtained from experiments by implantation of these ions at a dose of 1×1017 ions/cm2 at 
several temperatures.  A combination of in situ Transmission Electron Microscopy (TEM) 
and ex situ TEM experiments was used to study the evolution of defect clusters during 
implantation of Xe and Kr ions at energies of 150-700 keV, depending on the experimental 
conditions.  The simulation and irradiation were performed on thin-film, single-crystal 
materials.  The formation of defects, dislocation loops, and precipitates was studied by 
simulation and compared to experiment.  Various sets of quantitative experimental results 
were obtained to characterize the dose and temperature effects of irradiation.  These 
experimental results include size distributions of dislocation loops, voids, and gas bubble 
structures created by irradiation.  
Keywords: Radiation defects, Mo, CeO2, TEM, Xe and Kr ions, MD and MC simulations. 
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1. INTRODUCTION 
Recently, a new application of ion implantation has been initiated that explores a unique 
capability in studying radiation effects and explore kinetics of defects in nuclear reactor 
environments [1,2].  This is a new and important research field because sustainable nuclear 
energy production must include a comprehensive analysis of nuclear fuel behavior.  Fuel 
behavior codes are sensitive to materials parameters, many of which have large uncertainties or 
have not been measured and, thus, a complete understanding of radiation damage and swelling of 
nuclear fuels throughout the operating burnup and temperature regime is required [3].  
Atomistic simulation is a powerful method for tracking defect accumulation during ion 
implantation and for estimating the values of critical materials properties and parameters used in 
kinetic fuel-behavior models.  Whereas first-principles simulations are limited to a few hundred 
atoms at most, classical molecular dynamic (MD) calculations with many millions of atoms are 
routinely performed.  However, the reliability and predictive power of classical MD depend 
crucially on the quality of the interatomic potential employed.  For elementary solids, such 
potentials are usually obtained by adjusting a few potential parameters to optimally reproduce a 
set of reference data, which typically includes a number of experimental (or ab initio calculated) 
values such as lattice constants, cohesive energies, or elastic constants.  However, in the case of 
more complex systems with a large variety of local environments and many potential parameters 
to be determined, such an approach cannot help.  Here a new method of deriving realistic 
interatomic potentials is involved. 
2. SIMULATION 
The force matching method (FMM) provides a way to construct physically justified potentials 
even under such circumstances as absence of experimental data.  This method provides new 
interatomic potentials that are obtained on the basis of synthesis of quantum and statistical 
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mechanics.  The idea is to compute forces and energies from first principles for a suitable 
selection of small reference systems and to adjust the parameters of the interatomic potential to 
optimally reproduce them [4, 5].  The method allows creating correct potentials for simulation of 
various processes such as phase transitions, deformation at various temperatures, and stresses.  
Using FMM, we developed an interatomic potential for Mo-Xe systems.  The reference data 
was calculated by the VASP code [6].  The following parameters were used:  the electron orbitals 
were represented by using plane waves, with a cut-off energy of 400 eV; the generalized gradient 
approximation for pseudopotential; 2x2x2-mesh in k-space.  We used 81 various configurations 
with a total of 10,746 atoms.  These configurations represent different Mo-Xe systems: 39 states 
with pure Mo (liquid and bcc solid states at different densities; solid states with self-interstitial 
atoms and/or vacancies and/or surface), 20 states with pure Xe (liquid and solid states), and 22 
states with Mo-Xe (including a single Xe atom in pure Mo).  Generally the matching was carried 
out with three value types: energy (only one in every configuration), stress tensor (six in every 
configuration), and forces (three components for each atom in every configuration).  In the 
configurations with self-interstitial atoms (SIAs) and vacancies only the energy was taken into 
account.   
 The potential is represented in the form of the embedding atom method (EAM) with seven 
independent functions. This form is widely used for description of many-body interactions in 
metals and alloys. In our investigation the potential functions were set by splines with 10 
independent parameters each. The FMM code PotFit [5] was used to search the optimal 
parameters of the potential.  
The derived potential reproduces the reference data with high precision and provides a 
description of several thermophysical properties, which are not involved in the fitting procedure, 
in agreement with the experimental data.  Table 1 shows a comparison of the basic Mo 
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parameters calculated by using the new many-body potential with experiments. The Mo-Mo 
EAM potential presented reproduces the cold curve in agreement with the experimental data up 
to approximately 600 GPa (corresponding compression V/V0 ~ 0.5).  In addition, the description 
of thermal expansion is replicated well up to the melting point. 
Table 2 shows a comparison of the defect properties calculated with the new EAM potential 
with the VASP data. Note that a difference between formation energies of defects is more 
important than the value of the energy itself. The most stable configurations of interstitial defects 
in Mo are <111> dumbbell and <111> crowdion with very small differences in formation 
energies.  These configurations provide for one-dimensional migration of self-interstitial atoms at 
very low temperatures [7] in agreement with the resistivity recovery measurements following 
electron irradiation [8]. With increasing temperature the <111>-<110> dumbbell transitions are 
activated, providing a rotation of the axis of migrating crowdions and hence providing a basis for 
a viable mechanism for three-dimensional diffusion.  
Figure 1 compares the sputtering yields for Xe+ ion bombardment of a Mo (100) surface 
calculated in the present paper with the experimental data obtained from the literature [9–14].  In 
addition, we have constructed two pair potentials for description of the Mo-Xe interaction.  The 
parameters for the pair potential function for set #1 yield data close to experiment at higher 
energies, namely, E~100 eV.  However, the calculated yields are much higher than the data at 
energies lower than 60 eV.  Set #2 gives calculated yields close to experiment for both high- and 
low-energy regions.  A new EAM interatomic potential for the Mo-Xe system gave sputtering 
yields close to the experimental data at the high-energy range (see Fig. 1). In what follows, set #2 
based on pair potential and the new EAM Mo-Xe potentials were applied for studying Xe bubble 
properties in Mo.   
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Parallel MD calculations were carried out on a Blue Gene supercomputer by using a 
LAMMPS classical MD simulation package [15]. 
Figure 2 shows the time evolution of vacancies and self-interstitial defects in pure Mo 
irradiated with a Xe+ ion, with energy of about 40 keV.  The volume of the basic simulation cell 
was chosen to be 20×20×60 nm3.  Several stages can be distinguished during the evolution of 40 
keV cascade in Mo (Fig. 2): (a) penetration of Xe into the bulk, generation of numerous 
subcascades along the path, where the structure of the core of the cascade is close to amorphous 
with decreased density (up to 0.5 ps); (b) fast motion of the leading atoms in the subcascades, 
where annealing of the amorphous core leads to the formation of vacancies in the center and 
interstitials in the vicinity (up to 2-4 ps); (c) fast motion of the leading atoms in the subcascades 
(their behavior is close to channeling), where the stopping result in the formation of interstitials 
quite far from the initial track (up to approx. 10 ps); and (d) nearly 1D migration of interstitials 
and clustering thereof, where recombination with vacancies is observed as well (~ 1-10 ns 
depending on the initial concentration). One should note that both sessile and mobile (also 
migrating one-dimensionally) SIA clusters are formed; their ratio depends on the temperature of 
the material. 
The diffusivity of vacancies, SIAs, and mobile clusters from them was studied. Figure 3 shows 
the estimates of the self-diffusion coefficient in pure Mo at thermal equilibrium. The 
contributions from single vacancies and interstitials are taken into account: Dself = cvDv + ciDi. 
The temperature dependence of diffusivity of vacancies Dv and interstitials Di is evaluated 
directly from MD simulations with the new EAM potential. Temperature-dependent equilibrium 
concentrations of the defects in Mo are estimated based on DFT calculations of the defects’ 
formation enthalpy [16]. The self-diffusion coefficient calculated (Fig. 3) is in good agreement 
with the experimental data available for pure Mo [17, 18]. 
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Figure 4 shows the collision cascade where the ion track area is built up with vacancies and 
the self-interstitial clusters are formed in the outer regions.  The MD simulation shows a single 
crystal of Mo after irradiation with a 50 keV Xe ion at a dose of 1x1012 ions/cm2 at 300°C. 
Clusters of interstitial atoms are formed by association of SIAs within 3 nanoseconds after the 
cascade initiation. 
3. EXPERIMENTAL 
 Ion irradiation was done in the IVEM-Tandem facility at Argonne National Laboratory, and 
the scanning transmission electron microscopy study was carried out on JEOL 2200Fs TEM at 
the University of Illinois. Specifically, 500 keV Xe ions were implanted into a single-crystal 
CeO2 TEM specimen at 600 °C to an accumulated dose of 2x1016 ions/cm2. Figure 5 shows the 
atomic-level crystal structures of the specimen before and after irradiation. The specimen exhibits 
a perfect crystal structure before irradiation, Fig. 5(a), and remains crystalline after 
bombardment, Fig. 5(b). The areas with darker contrast in Fig. 5(b) suggest formation of defect 
clusters, ranging from 1 nm to 3 nm in diameter.  However, the nature of these defect clusters is 
not clear yet.  Therefore, any direct comparison of these TEM experiments to MD simulations is 
not yet possible because these two methods provide information on very different time scales. 
Since the irradiation dose in the simulation was much lower (1×1012 ions/cm2), the sizes of the 
clusters are smaller. Detailed analysis shows that they can be formed by two or three interstitial 
dislocation loops with diameters of 10-15 Å. 
Figures 6 and 7 show Xe gas bubble size distributions obtained at different ion irradiation dose 
levels on a 5% La-doped CeO2 single-crystal thin film and a 25% La-doped CeO2 single-crystal 
thin film, respectively. The thin films were grown on a SrTiO3 substrate with the molecular beam 
epitaxial technique. The Xe ion implantations were carried out with 700 keV ex situ irradiations 
and 500 keV in situ irradiations at 600 °C.  The sizes of the Xe gas bubbles were measured at 
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implantation depths consistently around 80-100 nm on planar view, La-doped CeO2 single-crystal 
thin-film specimens after Xe ion implantations. The effective diameters of gas bubbles were 
obtained by measuring the area of the gas bubble features with the image-processing software 
ImageJ. Five sets of 32.5 nm by 32.5 nm boxes were drawn, and the densities of the Xe gas 
bubbles were measured with bubble feature profiling by ImageJ as well. The error bars in Figures 
6 and 7 represent statistical errors within the five independent measurements. 
These experimental bubble size distribution results are crucial to benchmark computer 
simulation results such as those from kinetic theory models or kinetic Monte Carlo models based 
on rates of elemental processes from MD as proposed in this study. 
4. SUMMARY 
Kinetic mesoscale models, such as those developed at Argonne National Laboratory are 
directly comparable to reactor experiments. Our new concept is based on kinetic rate-equations 
for radiation damage, energetics and kinetics of defects, and swelling of fuels as a function of 
temperature and burnup.  Quantum and classical atomistic simulation methods are applied to 
increase our understanding of radiation damage, defect formation, and growth processes and to 
calculate the probabilities of elemental processes and reactions applicable to irradiated nuclear 
materials. Since the interaction potentials are critical for the new concept, they were developed 
based on a force-matching method data from ab initio calculations or were fitted to existing 
experimental data.  
In the present paper, a new EAM potential is proposed for Mo-Xe systems that is constructed 
by the force matching method applied to a dataset of energies and forces from ab initio 
simulations with various structures. It is verified against existing surface erosion experimental 
data, basic thermophysical properties and ab initio data on energies of the defects.  Several new 
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Xe-Mo pair potentials were also parameterized by comparison of the calculated sputtering yield 
of a Mo-surface bombarded with Xe ions with experimental data.   
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Table 1: Comparison of simulation results (with new EAM potential) with experimental data for 
pure Mo 
 Cohesive 
energy (eV) 
Lattice 
parameters (Å) 
C11 (GPa) C12 (GPa) Melting 
temperature (K) 
Simulation 6.91 3.1469 560 225 2630 
Experiment 6.82 3.147 460 176 2890 
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Table 2: Comparison of simulation results (with new EAM potential) with VASP calculation for 
Mo defects 
 Formation energy of 
Crowdion <111> (eV) 
Formation energy of  
Dumbbell<111> 
(eV) 
Formation energy of  
Dumbbell<110>(eV) 
Formation energy 
of  vacancy 
Simulation 6.42 6.43 6.67 2.79 
VASP 6.89 6.88 7.02 2.40 
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Figure captions: 
 
Figure 1. Comparison of the sputtering yield of a Mo (100) surface bombarded by accelerated 
Xe+-ions interacting with Mo atoms via a Morse potential with the experimental data from Refs. 
[33-38] (see also Fig. 2). 
 
Figure 2. Time evolution of defect distribution after 40 keV cascade in pure Mo.  The volume of 
the basic simulation cell is 20x20x60 nm3.  
 
Figure 3. Self-diffusion coefficient in pure Mo at thermal equilibrium: comparison of MD 
calculations with the new EAM potential with two existing experimental data sets [16, 17]. 
 
Figure 4. MD simulation of radiation track formation in single-crystal Mo after irradiation with a 
50 keV Xe ion at a dose of 1x1012 ions/cm2 at 300 °C.  Clusters of interstitial atoms are formed 
by association of SIA within 3 nanoseconds of simulation. 
 
Figure 5. Scanning TEM micrograph of single-crystal CeO2 (a) before irradiation and (b) after 
irradiated with 500 keV Xe to a dose of 2x1016 ions/cm2 at 600 °C. Electron beam direction is 
along <001>. 
 
Figure 6. Bubble size distribution from 700 keV and 500 keV Xe irradiations at 600 °C on 5% 
La-doped CeO2 (lines are drawn between data points only to guide the eyes).  
 
Figure 7. Comparison of bubble size distributions between different doses with 700 keV Xe ex 
situ irradiations and 500 keV Xe in situ irradiations at 600 °C on 25% La-doped CeO2 (lines are 
drawn between data points only to guide the eyes).  
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